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OPTOELECTRONIC DEVICES HAVING ARRAYS OF QUANTUM-DOT 
COMPOUND SEMICONDUCTOR SUPERLATTICES THEREIN 

Reference to Priority Applications 
This application is a divisional of U.S. Application Serial No. 
10/178,941, filed June 24, 2002, which derives priority from Provisional 
Application Serial Nos. 60/300,804, filed June 25, 2001 and 60/301,018, 
filed June 26, 2001, the disclosures of which are hereby incorporated 
herein by reference. 

Government Rights 

This invention was made with Government support under Contract 
No. N66001 -01 -1-8977, awarded by SPAWAR/DARPA. The Government 
may have certain rights in this invention. 

Field of the Invention 

The present invention relates to methods of forming integrated circuit 
devices and device formed thereby and, more particularly, to methods of 
forming integrated circuit devices having nano-scale features therein and 
integrated circuit devices formed thereby. 

Background of the Invention 

As semiconductor devices scale down to nano-scale dimensions (i.e., 
<100 nm features), the performance improvements predicted by Moore's 
Law typically diminish. Some fundamental physical properties, such as 
direct quantum tunneling through gate dielectrics, poly depletion in gate 
electrodes and source-drain leakage due to short channel effects, may 
become limiting factors in performance and may inhibit further scaling of 
conventional devices. 



One method to suppress short channel effects in field effect 
transistors is to make the semiconductor channel of the transistor 
sufficiently thin that it becomes fully depleted during operation. One such 
device is a planar thin-body semiconductor-on-insulator (SOI) transistor, 
5 where the source-drain leakage current can be controlled by a high quality 
back oxide. However, the thin-body SOI transistor may suffer from poor 
drain-induced barrier lowering and significant short channel threshold 
voltage reduction due to reach-through of the drain field through a bulk 
oxide region. The dual-gate MOSFET with both a front gate and a back 

10 gate can provide an effective solution to the problems encountered by thin- 
body SOI transistors. An extension of the dual-gate transistor is the 
surround gate transistor, which includes a gate that wraps around (i.e., 
surrounds) the channel. 

Several double/surround gate devices that have been proposed can 

15 be classified as either horizontal devices or vertical devices. In horizontal 

devices, the gate length can be defined using photolithography techniques. 
However, conventional photolithography techniques may not efficiently 
scale to nano-scale dimensions. In vertical devices, conventional 
photolithography techniques may not be required to achieve nano-scale 

20 dimensions. For example, in vertical field effect transistors, the gate length 

and other features may be defined by film thickness instead of a 
photolithographically defined line width. Conventional vertical devices, 
such as surround gate transistors, are disclosed in an article by E. 
Leobandung et al. entitled "Wire-Channel and Wrap-Around-Gate Metal- 

25 Oxide-Semiconductor Field-Effect Transistors with a Significant Reduction 
of Short Channel Effects," J. Vac. Sci. Technol., B 15(6), pp. 2791-2794, 
Nov/Dec (1997). Vertical devices are also disclosed in an article by C. 
Auth et al., entitled "Scaling Theory for Cylindrical, Fully-Depleted, 
Surrounding-Gate MOSFET's," IEEE Elec. Dev. Lett., Vol. 18,' No. 2, pp. 

30 74-76, February (1997). 
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Additional devices that utilize nano-scale metal or semiconductor 
materials may be formed using nanowires. When wires fabricated from 
metal or semiconductor materials are provided in the nanometer size 
range, some of the electronic and optical properties of the metal or 
5 semiconductor materials at nano-scale dimensions may be different from 
the same properties of the same materials at a larger scale. 
Semiconductor structures in the nanometer size range that exhibit the 
characteristics of quantum confinement are typically referred to as zero- 
dimension (OD) quantum dots or more simply as quantum dots when the 

10 confinement is in three dimensions. Quantum dots may be provided by 
semiconductor materials having one or more dimensions on the scale of 
about ten nanometers or less. When quantum confinement is in two 
dimensions, the structures are typically referred to as one-dimensional 
quantum wires or more simply as quantum wires. A quantum wire is a wire 

1 5 having a diameter sufficiently small to cause confinement of an electron 
gas in directions that extend normal to the wire. 

A prior art technique for fabricating quantum wires may utilize a 
micro-photolithographic process followed by a metalorganic chemical vapor 
deposition (MOCVD) process. This technique may be used to generate a 

20 single quantum wire or a row of gallium arsenide (GaAs) quantum wires 

embedded within a bulk aluminum arsenide (AlAs) substrate. However, 
such techniques may not be compatible with processes to form two or 
three dimensional arrays of nanowires in which the spacing between 
nanowires is relatively small and uniform. 

25 Additional techniques for forming two-dimensional arrays of nano- 

channels include filling naturally occurring arrays of nano-channels or 
nanopores in a substrate with a material of interest. In this manner, the 
substrate is used as a template. Exemplary substrates include anodic 
aluminum oxide and mesoporous materials, which may be provided with 

30 arrays of pores therein. In particular, U.S. Patent No. 6,359,288 to Ying et 

al. discloses techniques for forming arrays of nanowires in anodic 
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aluminum oxide substrates. One of these techniques includes 
systematically changing the channel diameter and channel packing density 
of an anodic aluminum oxide layer by anodizing an aluminum layer with an 
electrolyte to provide an anodic aluminum oxide layer having nanopores 
5 therein. The mean pore diameter is disclosed as varying by no more than 
100% along the length of the pore. The '288 patent also discloses filling 
the pores with single crystal material so that the resulting nanowires 
constitute single crystal quantum wires. These quantum wires may have 
an average wire diameter in a range of about 1 nm to about 20 nm. U.S. 

10 Patent No. 6,231,744 to Ying et al. also discloses a method of forming a 

nanowire array by anodizing an aluminum substrate using an acidic 
electrolyte solution to provide a porous aluminum oxide film (i.e., anodic 
aluminum oxide (AAO) film) on a surface of an aluminum substrate. The 
porous AAO film is then exposed to an acid etchant solution for a period of 

15 time sufficient to enlarge the cell size of the pores. 

Techniques for forming porous films and nano-scale electronic 
devices are disclosed in European Patent Specification No. EP 0 178 831 
B1 and in U.S. Patent No. 6,034,468 to Wilshaw. In particular, the '468 
patent to Wilshaw discloses a field emitter device having a dielectric AAO 

20 layer therein with nanopores. The front ends of the wires constitute 

individual field emitting cathodes. A gate electrode is also provided on a 
front surface of the AAO layer. U.S. Patent No. 5,581,091 to Moskovits et 
al. also discloses single-electron devices that are useful as diodes and 
transistors. These devices are prepared by anodizing a metal substrate in 

25 an acid bath to convert the metal substrate into an oxide film. 

Summary of the Invention 
Embodiments of the present invention include nano-scale electronic 
devices and methods of forming nano-scale electronic devices using 
techniques that advantageously have a reduced number of 

30 photolithographically defined processing steps. Some of these electronic 
devices constitute field effect transistors having surround gates that 



provide fully depleted operation. Other embodiments include opto- 
electronic devices that contain compound semiconductor materials. 

Methods according to embodiments of the present invention include 
forming a vertical nano-scale electronic device by forming a substrate 
5 having a semiconductor layer therein and a substrate insulating layer on 
the semiconductor layer. The substrate insulating layer may contact an 
upper surface of the semiconductor layer. A step is then performed to 
form an etching template having a first array of non-photolithographically 
defined nano-channels extending therethrough, on the substrate insulating 

10 layer. This etching template may comprise an anodized metal oxide, such 

as an anodized aluminum oxide (AAO) thin film. The substrate insulating 
layer is then selectively etched to define a second array of nano-channels 
therein. This selective etching step preferably uses the etching template 
as an etching mask to transfer the first array of nano-channels to the 

15 underlying substrate insulating layer, which may be thinner than the 

etching template. An array of semiconductor nano-pillars is then formed in 
the second array of nano-channels. The semiconductor nano-pillars in the 
array may have an average diameter in a range between about 8 nm and 
about 50 nm. The semiconductor nano-pillars are also preferably 

20 homoepitaxial or heteroepitaxial with the semiconductor layer. 

The step of forming an etching template may include forming a metal 
film (e.g., aluminum film) on the substrate insulating layer and then 
repeatedly anodizing the metal film to convert it into an anodic metal oxide 
layer having nano-channels therein. The selective etching step may also 

25 include ion etching or reactive ion beam etching the insulating layer for a 
sufficient duration to penetrate the substrate insulating layer and expose 
the semiconductor layer. The semiconductor layer may also constitute a 
monocrystalline semiconductor layer and the step of forming an array of 
semiconductor nano-pillars may include epitaxially growing monocrystalline 

30 semiconductor nano-pillars using the monocrystalline semiconductor layer 
as a seed layer. 
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These methods may also include the steps of removing the substrate 
insulating layer to expose the semiconductor nano-pillars and then 
implanting dopants of first conductivity type into upper surfaces of the 
semiconductor nano-pillars to define respective drain regions therein. 
5 Gate insulating layers are then formed on sidewalls of the semiconductor 
nano-pillars. A global surround gate electrode may then be formed that 
extends on the gate insulating layers and in recesses between the 
semiconductor nano-pillars. A drain electrode may be formed that contacts 
the drain regions in the semiconductor nano-pillars. 

10 The step of forming a drain electrode may be preceded by the step of 

depositing an electrically insulating passivation layer on the surround gate 
electrode and etching-back the passivation layer to expose the upper 
surfaces of the semiconducting nano-pillars. The step of implanting 
dopants may also be preceded by the steps of forming a sacrificial 

15 protective layer on upper surfaces and sidewalls of the semiconductor 

nano-pillars and then etching-back the sacrificial protective layer to expose 
the upper surfaces of the semiconducting nano-pillars. The sacrificial 
protective layer may then be removed entirely before the gate insulating 
layer is formed on sidewalls of the semiconducting nano-pillars. 

20 Additional methods of forming vertical nano-scale electronic devices 

may include forming a substrate comprising a semiconductor layer, a 
substrate insulating layer on the semiconductor layer and a barrier metal 
layer on the substrate insulating layer. An etching template is then formed 
on the substrate insulating layer. The etching template has a first array of 

25 non-photolithographically defined nano-channels or nanopores extending 

therethrough. The etching template may be formed by depositing a metal 
film (e.g., aluminum film) on the barrier metal layer and then anodizing the 
metal film into an anodic metal oxide layer having an array of nanopores 
therein. The barrier metal layer is then selectively etched so that the 

30 nanopores extend through the barrier metal layer and expose the substrate 
insulating layer. The anodic metal oxide layer and the barrier metal layer 
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collectively form the etching template. The substrate insulating layer is 
then selectively etched for a sufficient duration to define a second array of 
nano-channels therein and expose the semiconductor layer. The substrate 
insulating layer may comprise silicon dioxide or silicon nitride, for example. 
5 Other electrically insulating materials may also be used. This etching step 
is performed in order to transfer the pattern of the first array of nano- 
channels in the etching template to the underlying substrate insulating 
layer. Selective growth techniques may then be used to grow an array of 
semiconductor nano-pillars that extend upward from the semiconductor 

10 layer and into the second array of nano-channels. 

Methods of forming nano-scale opto-electronic devices are also 
provided by embodiments of the present invention. These methods may 
include forming a substrate comprising a first compound semiconductor 
layer of first conductivity type that is a composite of first and second lll-V 

15 semiconductor materials (e.g., GaAs and AIGaAs). An electrically 

insulating layer (e.g., Si0 2 ) is then formed on the first semiconductor layer. 
A step is performed to form a metal thin film on the electrically insulating 
layer. The metal thin film is converted into an anodized metal oxide layer 
having an array of nanopores therein. This step to convert the metal thin 

20 film into an anodized metal oxide layer is preferably performed without 
using a photolithographically defined mask to guide the conversion 
process. The array of nanopores within the anodized metal oxide layer is 
then transferred to the electrically insulating layer. An array of vertical 
quantum-dot superlattices is epitaxially grown upward from the underlying 

25 first semiconductor layer, using the array of nanopores to guide the 

epitaxial growth step. A second compound semiconductor layer of second 
conductivity type may be formed on the array of vertical quantum-dot 
superlattices. This second compound semiconductor layer may comprise 
a composite of the first and second lll-V semiconductor materials, for 

30 example. 
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Additional embodiments of the present invention include preferred 
optoelectronic devices that contain arrays of vertical quantum-dot 
superlattices therein. An optoelectronic device may include a substrate 
having a first lll-V semiconductor layer therein. An electrically insulating 
5 layer is also provided that extends on the first lll-V semiconductor layer. 
This electrically insulating layer includes an array of non- 
photolithographically defined nanopores therein. An array of vertical 
quantum-dot superlattices are provided in the array of nanopores. These 
vertical quantum-dot superlattices are electrically coupled to the first lll-V 
10 semiconductor layer. The optoelectronic device may also include a second 
lll-V semiconductor layer that extends on the array of vertical quantum-dot 
superlattices. According to a preferred aspect of this embodiment, the first 
and second lll-V semiconductor layers are homoepitaxial or heteroepitaxial 
with the vertical quantum-dot superlattices. 
15 Brief Description of the Drawings 

FIG. 1 is a perspective view of an anodic aluminum oxide layer that 
may be formed by method embodiments of the present invention. 

FIGS. 2A-2H are cross-sectional views of intermediate structures that 
illustrate methods of forming vertical surround gate field effect transistors 
20 according to embodiments of the present invention. 

FIGS. 3A-3G are cross-sectional views of intermediate structures that 
illustrate methods of forming vertical surround gate field effect transistors 
according to additional embodiments of the present invention. 

FIGS. 4A-4D are cross-sectional views of intermediate structures that 
25 illustrate methods of forming opto-electronic devices according to 
embodiments of the present invention. 

FIGS. 5A-5F are cross-sectional views of intermediate structures that 
illustrate methods of forming opto-electronic devices according to 
additional embodiments of the present invention. 

30 
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Description of Preferred Embodiments 
The present invention will now be described more fully hereinafter 
with reference to the accompanying drawings, in which preferred 
embodiments of the invention are shown. This invention may, however, be 
5 embodied in different forms and should not be construed as limited to the 
embodiments set forth herein. Rather, these embodiments are provided 
so that this disclosure will be thorough and complete, and will fully convey 
the scope of the invention to those skilled in the art. In the drawings, the 
thickness of layers and regions are exaggerated for clarity. It will also be 

10 understood that when a layer is referred to as being "on" another layer or 
substrate, it can be directly on the other layer or substrate, or intervening 
layers may also be present. Moreover, the terms "first conductivity type" 
and "second conductivity type" refer to opposite conductivity types such as 
N or P-type, however, each embodiment described and illustrated herein 

15 includes its complementary embodiment as well. 

Methods of forming self-assembled nanoporous anodic aluminum 
oxide thin films according to embodiments of the present invention will now 
be described. As illustrated best by FIG. 1, a nanoporous anodic 
aluminum oxide (AAO) thin film 10 may include an array of hexagonal- 

20 shaped columnar cells 12 having respective nanopores 14 therein that may 
also be referred to herein as "nano-channels." Each of the cells 12 is 
illustrated as having a diameter "D c " that may be in a range between about 
25 nm and about 400 nm and each of the nanopores 14 may have a 
diameter "D p " in a range between about 8 nm and about 50 nm. The 

25 bottom of the nanopores 14 may be separated from an underlying 

aluminum substrate 20 by an anodic aluminum oxide barrier layer 16. The 
anodic aluminum oxide barrier layer 16 typically has a thickness "t b " in a 
range between about 10 nm and about 150 nm. As described more fully 
hereinbelow, the AAO thin film 10 may be formed by repeatedly exposing 

30 the aluminum substrate 20 to an anodization process that may be 
integrated within an electrochemical batch process. 
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These methods of forming nanoporous AAO thin films 10 according 
to embodiments of the present invention may include initial steps to 
mechanically polish an aluminum (Al) substrate 20. The mechanical 
polishing step may include using a diamond paste (e.g., 3pm) and a silica 
5 (~20nm) aqueous suspension within a conventional polishing tool. The 
aluminum substrate 20 is preferably a high purity (e.g., 99.997% Al) 
substrate that has been treated under a high pressure press (e.g., ~1x10 6 
psi) to flatten the substrate 20 prior to polishing. The aluminum substrate 
20 may then be thermally annealed in an N 2 ambient at a temperature of 

10 about 350°C for about 1 hour to promote grain growth and achieve a 

relatively large average grain size (e.g., 3-5 pm). An annealing 
temperature of about 400°C and an annealing time of about 30 minutes 
may also be used. Annealing times and temperatures that provide similar 
thermal treatments may also be used. 

15 The aluminum substrate 20 is then exposed to an electrochemical 

polishing step with a preferred electrolyte at a voltage of about 20 V and a 
temperature of about 84°C, in some embodiments. The preferred 
electrolyte may include a solution of H 3 P0 4 (95 vol %), H 2 S0 4 (5 vol %) and 
Cr0 3 (20g/liter). The aluminum substrate 20 is treated repeatedly to an 

20 anodization process to improve the uniformity of the AAO thin film 10 and 

achieve a desired AAO thin film 10 thickness in a gradual manner. Pre- 
patterning techniques may also be used to improve the uniformity of the 
AAO. The diameter and length of the nanopores 14 can be controlled by 
adjusting the electrolyte composition and concentration and the 

25 anodization voltage and time. 

Methods of forming nano-scale field effect transistors according to 
embodiments of the present invention may utilize the AAO thin films 10 of 
FIG. 1. In particular, FIGS. 2A-2H illustrate methods of forming N-channel 
surround gate nano-scale MOSFETs that do not require 

30 photolithographically controlled patterning steps to define channel length 
and gate electrode feature size. In FIG. 2A, a silicon substrate 30 (e.g., P- 

-10- 



type) is provided with an aluminum layer 20' thereon. The aluminum layer 
20' may have a thickness in a range between about 100 nm and about 
5000 nm. A thin barrier layer (not shown) may also be formed on the 
silicon substrate 30 in order to improve adhesion between the aluminum 
5 layer 20' and the silicon substrate 30 and act as a conductive layer to 
facilitate an anodization process. This barrier layer may include a 
conductive titanium layer having a thickness of about 5-20 nm. Other 
conductive materials besides titanium may also be used. The barrier layer 
may be formed by thermal evaporation or sputtering. As illustrated by FIG. 

10 2B, the aluminum layer 20' is then converted into a nanoporous anodic 

aluminum oxide (AAO) thin film 10' using, in one exemplary embodiment, 
the methods described above with respect to FIG. 1. These methods may 
include a repeated anodization process. The anodization process may be 
stopped before the entire aluminum layer 20' is converted into aluminum 

15 oxide (Al 2 0 3 ) and any residual aluminum or insulating material (e.g., Si0 2 ) 
at the bottoms of the nanopores 14" may be removed using an etching step 
(e.g., ion etching). This etching step may result in exposure of the 
underlying silicon substrate 30 at the locations defined by the nanopores 
14V 

20 Referring now to FIG. 2C, nano-scale silicon pillars 32 are then 

formed inside the nanopores 14V These silicon pillars 32 may be formed 
as monocrystalline silicon pillars using selective epitaxial growth (SEG) 
techniques and the exposed portions of the underlying silicon substrate 30 
as growth "seeds". The growth of the silicon pillars 32 may include a low 

25 temperature (~800°C) selective epitaxial growth step using an ultra high 

vacuum rapid thermal chemical vapor deposition process (UHV-CVD), with 
or without chlorine. Such an epitaxial growth step can be used to produce 
high quality, facet free silicon pillars 32 having an average diameter in a 
range between about 8 nm and about 50 nm. The epitaxial growth step 

30 may include in-situ doping of the silicon pillars 32 to achieve desired 
electrical properties. The duration of the epitaxial growth step may be 
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sufficiently long to provide silicon pillars 32 having an average height in a 
range between about 10 nm and about 100 nm. As explained more fully 
hereinbelow, the vertical openings defined by the array of nanopores 14' 
may be transferred to an underlying insulating layer, which can be used as 
5 a template for epitaxial growth. In alternative embodiments, the silicon 
pillars 32 may be formed by depositing a blanket layer of amorphous 
silicon (a-Si) on an upper surface of the AAO thin film 10" and into the 
nanopores 14V The deposited a-Si layer (not shown) may then be 
planarized using a conventional technique such as chemical-mechanical 

10 polishing (CMP). The remaining amorphous silicon pillars within the pores 
14' are then recyrstallized using, for example, a solid phase 
recrystallization process. 

The AAO thin film 10' is selectively removed to expose an array of 
free-standing silicon pillars 32, as illustrated by FIG. 2D. Referring now to 

15 FIG. 2E, which represents an enlarged cross-sectional view of a 
highlighted portion of the structure illustrated by FIG. 2D, a step is 
performed to protect sidewalls of the silicon pillars 32. This step may 
include depositing a blanket layer of an electrically insulating material, such 
as silicon dioxide or silicon nitride, and then anisotropically etching back 

20 the deposited layer to define sidewall spacers 34 that surround the silicon 
pillars 32 and expose an upper surface of the silicon substrate 30 and 
upper surfaces of the silicon pillars 32. N-type source and drain region 
dopants 36 are then implanted into the exposed surfaces, as illustrated. 
The dopants are thermally activated to define a contiguous mesh-shaped 

25 source region 38a in the silicon substrate 30 and also define a plurality of 
drain regions 38b that extend adjacent upper surfaces of the silicon pillars 
32. The protective sidewall spacers 34 may then be removed to expose 
sidewalls of the silicon pillars 32. In alternative embodiments, the upper 
surface of the silicon substrate 30 may include a semiconductor layer that 

30 is relatively highly doped and need not be exposed to receive source 
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region dopants 36. In these embodiments, the sidewall spacers 34 need 
not be defined using an etch-back step. 

Referring now to FIG. 2F, a conformal gate oxide layer 40 may be 
formed on the silicon pillars 32 using a thermal oxidation step. Other 
5 techniques for depositing a gate oxide layer 40 may also be used. A 

blanket conductive layer (e.g., polysilicon, metal) may be deposited on the 
gate oxide layer 40 and etched back to define a polysilicon gate electrode 
42 that surrounds the array of silicon pillars 32, as illustrated by FIG. 2G. 
Because the source and drain regions 38a and 38b are formed before the 

10 gate electrode 42, the methods described herein may be compatible with 
high-K dielectrics and metal gate electrodes materials may be used. As 
illustrated by FIG. 2H, a blanket electrically insulating passivation layer 44 
may then be deposited and planarized to expose the drain regions 38b at 
the upper surfaces of the silicon pillars 32. In this manner, a vertical 

15 surround gate field effect transistor 50 having an overall effective channel 
width that is proportional to a product of a width of each pillar 32 and the 
number of pillars 32, can be formed. The channel length "L c " of the 
transistor is equal to the height of the silicon pillars 32 minus the depth of 
the drain regions 38b, as illustrated. 

20 Additional methods of forming vertical surround gate field effect 

transistors will now be more fully described with respect to FIGS. 3A-3G. 
As illustrated by FIG. 3A, the methods include forming a substrate 
comprising a semiconductor layer 50 and a substrate insulating layer 52 on 
the semiconductor layer 50. The semiconductor layer 50 may be formed 

25 within a semiconductor wafer and may be of first conductivity type (e.g., P- 
type). In alternative embodiments, the semiconductor layer may be of 
second conductivity type (e.g., N-type). The substrate insulating layer 52 
may comprise a silicon dioxide layer having a thickness in a range between 
about 10 nm and 200 nm or possible thicker. An etching template is 

30 formed on the substrate insulating layer 52. The etching template may be 
formed by a sequence of steps including thermally evaporating an 
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aluminum layer 56 on the substrate insulating layer 52. Other metals, 
including aluminum alloys, may also be used. The aluminum layer 56 may 
have a thickness in a range between about 100 nm and about 5 pm in 
some embodiments. The step of forming the aluminum layer 56 may be 
5 preceded by an optional step of forming a barrier layer 54 directly on the 

substrate insulating layer 52. The barrier layer 54 may be formed by 
thermally evaporating a metal layer (e.g., titanium) onto an upper surface 
of the substrate insulating layer 52. The barrier layer 54 may have a 
thickness in a range between about 5 nm and about 20 nm in some 

10 embodiments and may be used as a conductive layer to facilitate 

anodization of the aluminum layer 56. The barrier metal layer 54 may also 
be used to promote adhesion between the substrate insulating layer 52 
and the aluminum layer 56. As described above with respect to FIGS. 2A- 
2H, the aluminum layer 56 may be thermally annealed to promote grain 

15 growth and electrochemically polished to prepare the surface of the 
aluminum layer 56 for subsequent processing steps. 

As illustrated by FIG. 3B, additional steps to form the etching 
template may include repeatedly anodizing the aluminum layer 56 to 
convert it into an anodic aluminum oxide (AAO) layer 58 having a naturally 

20 occurring (and non-photolithographically defined) array of nanopores or 

nano-channels 58a therein. These nanopores 58a extend substantially 
through the entire thickness of the AAO layer 58 (see, e.g., FIG. 1). 
Residual aluminum metal at the bottoms of the nanopores 58a may be 
removed using a conventional etching step. The array of nanopores 58a 

25 may also be transferred to the underlying barrier metal layer 54 using a 

selective etching step (e.g., reactive ion-beam etching). The duration of 
this selective etching step should be sufficient to fully penetrate the barrier 
metal layer 54 and expose an upper surface of the underlying substrate 
insulating layer 52. 

30 Referring now to FIG. 3C, the array of nanopores 58a is 

advantageously transferred from the etching template to the underlying 
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substrate insulating layer 52 by selectively etching the substrate insulating 
layer 52 using the etching template (58, 54) as an etching mask. This 
selective etching step results in the formation of a second array of 
nanopores 52a that extend through the substrate insulating layer 52. This 
5 selective etching step may include ion etching or reactive ion beam etching 
the substrate insulating layer 52. A cleaning step may also be performed 
using a high vacuum cleaning technique or by exposing the substrate 
insulating layer 52 to a HF cleaning solution. The etching template (58, 54) 
is then removed to expose the substrate insulating layer 52. 

10 Referring now to FIG. 3D, an array of semiconductor nano-pillars 60 

may be formed in the second array of nanopores 52a by selectively 
epitaxially growing monocrystalline pillars 60 into the nanopores 52a using 
the underlying semiconductor layer 50 as a seed layer. According to a 
preferred aspect of these embodiments, the substrate insulating layer 52 

15 may be considerably thinner than the etching template (58, 54) in order to 
reduce the aspect ratio (height/diameter) of the nanopores 52a that are 
used to confine the array of semiconductor nano-pillars 60 and improve the 
efficiency of the selective epitaxial growth step. After the selective growth 
step, the substrate insulating layer 52 is selectively removed to expose the 

20 array of semiconductor nano-pillars 60. Conventional steps may then be 
used to define sidewall insulating spacers 62 on sidewalls of the nano- 
pillars 60, as illustrated by FIG. 3E. These conventional steps may include 
depositing a blanket passivation layer (not shown) on the nano-pillars 60 
and then anisotropically etching back the blanket insulating layer to expose 

25 the semiconductor layer 50 and upper surfaces of the nano-pillars 60. 

Source and drain region dopants 64 are then implanted into the nano- 
pillars 60 and the underlying substrate layer 50, using the sidewall 
insulating spacers 62 as an implant mask. 

The implanted dopants 64 are then activated and driven-in to define a 

30 contiguous mesh-shaped source region 66a in the semiconductor layer 50 
and a plurality of drain regions 66b in the nano-pillars 60. The sidewall 
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insulating spacers 62 are then removed using an etching step. A 
conventional thermal oxidation step may then be performed to define a 
gate oxide insulating layer 68 on the sidewalls of the nano-pillars 60, as 
illustrated by FIG. 3F. Referring now to FIG. 3G, which represents an 
5 enlarged cross-sectional view of the highlighted portion of FIG. 3F, a 
blanket conductive layer (e.g., polysilicon layer) is deposited onto the 
semiconductor layer 50 and then etched back to define a mesh-shaped 
surround gate 70 that extends between the nano-pillars 60. A passivation 
layer 72 may then be deposited to fill recesses between the nano-pillars 60 

10 and cover the surround gate 70. The passivation layer 72 is then 

planarized to expose the drain regions 66b. This step may be followed by 
the step of depositing a layer of metallization, which operates as a drain 
electrode 74. A source electrode may also be formed in ohmic contact 
with the contiguous source region 66a at a remote location (not shown). 

15 Methods of forming opto-electronic devices according to 

embodiments of the present invention will now be described with reference 
to FIGS. 4A-4D. These methods may utilize a variety of lll-V (or ll-VI) 
compound semiconductor materials to define opto-electronic light emitting 
and/or light detecting devices including, but not limited to, semiconductor 

20 lasers, light emitting diodes (LEDs) and photodetectors. As illustrated by 

FIG. 4A, an N-type A^Ga^^s layer 82 may be grown on an underlying 
compound semiconductor substrate 80, which is shown as an N+ gallium 
arsenide (GaAs) substrate. The A^Ga^s layer 82 may be grown on the 
compound semiconductor substrate 80 using a conventional metal-organic 

25 chemical vapor deposition (MOCVD) process or a molecular beam epitaxy 

(MBE) process, for example. An aluminum metal layer 84 is then formed 
on the Al x Ga 10( As layer 82. The aluminum metal layer 84 may be formed 
using a physical vapor deposition (PVD) process, including evaporation or 
sputtering. This deposition process may be preceded by the deposition of 

30 a protective insulating layer (e.g., Si0 2 ) on the A^Ga^xAs layer 82. The 

aluminum metal layer 84 may also be provided as an epitaxial layer that is 



-16- 



formed by continuing the step of epitaxially growing the A^Ga^s layer 82 
on the underlying compound semiconductor substrate 80 and gradually 
reducing the concentration of the gallium (Ga) and arsenic (As) source 
elements. In the event a PVD process is used, the deposited aluminum 
5 metal layer 84 can be thermally annealed to promote grain size growth, as 
described above. 

Referring now to FIG. 4B, the aluminum metal layer 84 is then 
subjected to a repeated anodization process to convert the aluminum 
metal layer 84 into an anodized aluminum oxide (AAO) layer 86 having a 

10 closely-packed highly regular array of nanopores 88 therein. These 

nanopores may have an average diameter in a range between about 10 
nm and about 100 nm. The diameter and density of these nanopores 88 
may be controlled by adjusting the electrolyte composition and 
concentration and the anodization voltage and time. Various electrolytes, 

15 such as oxalic acid, sulfuric acid and phosphoric acid can be used to 
obtain AAO layers with desired dimensions. 

Referring now to FIG. 4C, a vertical stack of InGaAs/GaAs quantum 
dots can be selectively grown inside the nanopores 88 of the AAO layer 
86. These quantum dots are illustrated as a vertical stack of alternating 

20 InGaAs dots 90a and GaAs dots 90b. A selective growth technique that 

provides a high degree of selectivity to A^Ga^s over Al 2 0 3 may be used 
to efficiently form the vertical stack of quantum dots. In some 
embodiments, these quantum dots 90a/90b are grown to completely fill the 
nanopores 88 in the AAO layer 86, as illustrated. Following the steps to 

25 grow the quantum dots within the nanopores 88, an Al x Ga 10c As layer 92 

(shown as P-type) can be deposited on the AAO layer 86, as illustrated by 
FIG. 4D. Conventional techniques may then be used to deposit a GaAs 
cladding layer 94 (shown as P+) on the Al x Ga Vx As layer 92. 
An alternative method of forming a similar device to the 

30 optoelectronic device of FIG. 4D may utilize an electrically insulating layer 
(e.g., Si0 2 ) as a porous growth template having a carefully controlled 
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thickness that matches a height of a desired vertical stack of quantum dots 
90a/90b This method includes growing an N-type Al x Ga 1-x As layer 82 on 
an underlying compound semiconductor substrate 80, as illustrated by FIG. 
5A. The compound semiconductor substrate 80 is shown as an N+ gallium 
5 arsenide (GaAs) substrate. A silicon dioxide layer 96 or other acceptable 
insulating material layer is then deposited on the Al x Ga 1 . x As"82, as 
illustrated by FIG. 5B. The step of depositing the silicon dioxide layer 96 
may be followed by a step to form a barrier metal layer (e.g., titanium 
barrier layer) on the silicon dioxide layer 96. An aluminum metal layer 84 is 

10 then formed on the silicon dioxide layer 96 (or barrier metal layer). The 

aluminum metal layer 84 may be formed using a physical vapor deposition 
process (PVD), including evaporation or sputtering. 

Referring now to FIG. 5C, the aluminum metal layer 84 is subjected 
to a repeated anodization process to convert the aluminum metal layer 84 

15 into an anodized aluminum oxide (AAO) layer 86 having a closely-packed 
highly regular array of nanopores 88 therein. Referring now to FIG. 5D, the 
silicon dioxide layer 96 may be selectively etched using the anodized 
aluminum oxide layer 86 as an etching mask. This selective etching step 
results in a transfer of the array of nanopores 88 in the AAO layer 86 to the 

20 underlying silicon dioxide layer 96. As illustrated by FIGS. 5D-5E, a 

vertical stack of InGaAs/GaAs quantum dots can be selectively grown 
inside the transferred array of nanopores 98. These dots are illustrated as 
a vertical stack of alternating InGaAs dots 90a and GaAs dots 90b. A 
selective growth technique that provides a high degree of selectivity to 

25 A^Ga^xAs over Si0 2 may be used to efficiently form the vertical stack of 
quantum dots. In some embodiments, these quantum dots 90a/90b are 
grown to completely fill the transferred array of nanopores 98 in the silicon 
dioxide layer 96. Following the steps to grow the quantum dots, an A^Ga,. 
JKs layer 92 (shown as P-type) can be deposited on the silicon dioxide 

30 layer 96, as illustrated in FIG. 5F. Conventional techniques may then be 

used to deposit a GaAs cladding layer 94 (shown as P+) on the A^Ga^s 
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layer 92 in the event these layers are necessary to complete the opto- 
electronic device. 

In some laser structures, ohmic contacts can be made to the N+ 
GaAs substrate 80 and the P+ GaAs cladding layer 94 and a cavity can be 
formed by conventional cutting or cleaving. The lateral size distribution of 
the vertical quantum dot stack can also be controlled by the channel 
diameter of the AAO thin film 86. Moreover, because the height 
distribution of the quantum dots may be controlled at an atomic level and 
because the heights may be substantially smaller than the diameter of the 
dots (i.e., pallet shaped), any performance degradation caused by 
diameter variation can be made less significant. The lateral coupling of the 
quantum dots can be treated as negligible because of the wide bandgap of 
the insulating material between the channels (Al 2 0 3 or Si0 2 ). 

In the drawings and specification, there have been disclosed typical 
preferred embodiments of the invention and, although specific terms are 
employed, they are used in a generic and descriptive sense only and not 
for purposes of limitation, the scope of the invention being set forth in the 
following claims. 
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